This paper reports the performance of a speed sensorless stand-alone Variable Speed Constant Frequency (VSCF) Doubly Fed Induction Generator (DFIG) capable of supplying all types of loads. The proposed method maintains the Total Harmonic Distortion (THD) of the machine current and the load voltage within acceptable limits. In contrast to previously proposed methods, in this paper, the stator side converter supplies the unbalanced and harmonic component of the load current to eliminate the machine torque pulsation. The zero sequence component of the load current is compensated using a delta connected winding in a three winding transformer. A reactive power based model reference adaptive system (Q-MRAS) is used for the slip speed estimation and hence elimination of the speed sensor. The effectiveness of the proposed control scheme is verified by a real time digital simulator.
Introduction
Grid connected operation of Wind Energy Conversion Systems (WECS) using the Doubly Fed Induction Generator (DFIG) has been reported extensively [1, 2] . In remote locations, far away from the grid, stand-alone operation of these generators may become necessary due to 'islanding' of an otherwise grid connected generator or in a wind-diesel hybrid generation system when the diesel generator is turned off [3] to save diesel fuel. The basic operation of a standalone DFIG based VSCF generator is described in detail in [4] . But it was tested only with balanced resistive load using a speed sensor with its usual drawbacks. Various speed sensorless control schemes for the variable speed DFIG have been proposed by the same authors in [5, 6 ] but have not been tested with non-linear/unbalanced loads. Compensation of nonlinear and unbalanced loads has been attempted in [7, 8] with harmonic injection from the rotor side converter. But this gives rise to problems like, increased rotor converter and machine current rating and pulsating torque which may lead to gear box damage. Co-phasor load currents also cannot be handled from the rotor side converter because of three wire connection. The harmonic compensation method presented in [9] utilizes the stator side converter to avoid these problems. But the performance reported is not very satisfactory. Also, unbalanced loading of the generation system is not reported . A feed forward voltage compensation scheme presented in [10] maintains a balanced three phase load voltage in the presence of unbalanced loads on the stand alone DFIG. A control system for unbalanced operation of the stand-alone and grid connected DFIG has also been discussed in [11] . However, these schemes have not been tested with nonlinear balanced/unbalanced loads. In [11] the zero sequence component of the load current is allowed to circulate through the machine stator winding. With nonlinear unbalanced loads this may result in unacceptable load voltage distortion.
In [12, 13] , unbalance and harmonic load on the stand-alone DFIG has been compensated from the rotor side converters as in [7, 8] and hence they suffer from similar disadvantages. The overall control scheme is quite complicated with the use of a resonant regulator for each harmonic component and only two dominant harmonics (5th & 7th) are compensated. The control scheme has been simplified in [14] to some extent by controlling the injected harmonic currents in the synchronously rotating reference frame which reduces the number of resonant regulators by half for the same number of harmonics to be compensated. However, no attempt has been made to compensate unbalanced nonlinear loads such as single phase diode rectifiers. The stand-alone DFIG controller proposed in [15] reported better load voltage THD and unbalance under severe harmonic / unbalanced loading conditions compared to similar schemes reported earlier. It uses the stator side converter to compensate the unbalanced and harmonic component of the load current. The stator side converter current rating has to be increased. However, as shown in Table 2 of reference [16] , a DFIG based WECS maintains its economic advantage over other competing configurations even if a full rated converter is used on the stator side. This approach also eliminates all other disadvantages associated with rotor side compensation. A Reactive power based Model Reference Adaptive System (Q-MRAS) for the rotor slip frequency estimation is proposed in [17] for this system which is capable of 'speed catching on the fly' during the start-up phase. However, both [15] and [17] proposed three phase three wire connection for the load in which co-phasor load current cannot flow. In [18] the same system (as in [17] ) with an extra inverter leg is proposed to actively control the co-phasor load current. In this paper a three-winding transformer is used to connect the stator side converter to the machine and the load. The three winding transformer allows the voltage rating of the machine and the stator side converter to be different from the rated load voltage. This transformer is often found in a normal DFIG based VSCF generator. Therefore, compared to [18] , the method proposed here does not require any special hardware, e.g. a four leg inverter. The load is connected to a star connected winding of the transformer with neutral connection to allow flow of co-phasor load current. A delta connected winding of the three-winding transformer (connected to the machine terminals) effectively cancels the effect of the zero sequence load current 
Where all symbols have their usual meaning [20] . The output of the rotor current controllers are first transformed to a reference frame oriented along the rotor current and then directly to the rotor reference frame without requiring the rotor position information. 
A PI controller forces the difference between Q ref and Q est to be zero in steady state and gives estimated slip frequency as the output. However, the stator voltage / filter current controllers as described in [15] or [17] cannot handle zero sequence (co-phasor) components of the load current. Therefore, a modified stator voltage controller incorporating a 3-winding transformer with a closed delta winding connected to the machine stator terminals is described in detail in the next section.
Stator voltage controller design with a three winding transformer
The DFIG based generation scheme incorporating a 3-winding transformer with Y-∆-Y connection is shown in Figure 1 . The stator of the DFIG is connected to the ∆-winding, the stator side converter (Converter-II in Figure 1 ) and the load are connected to the Y-windings. Balanced/ unbalanced loads are assumed to be connected between the lines and the neutral of the load side winding.
Figure 1: Schematic diagram of the system with a 3-winding transformer.
The neutral of the star connected winding on the stator side converter is left unconnected. In this modified VSCF system the transformer winding leakage inductances serve as the "filter inductors". The filter capacitor is divided into two parts. One is connected to the machine stator terminals and the other is connected to the load terminals. This helps to reduce inverter switching frequency related ripple both at the load and at the machine terminals. The d e -q e axis equivalent circuit of the three-winding transformer, shown in Figure 2 , can be derived using the procedure in [20] . From these circuits one can write: 
Also from this figure
Substituting Equations (5) & (6) in Equation (7) (8)
Substituting Equations (3) & (4) in Equation (8) dynamics of the machine stator and the load terminal voltage can be obtained in terms of the inverter, machine and load currents. In order to find the dynamics of the inverter currents, it is observed from Figure 3 that
or,
Therefore,
  
A stator voltage controller structure similar to the one in [15] is now proposed for the present system based on Equations,
, (4), (8), (12) and (13). The block diagram of the q-axis stator voltage controllers is shown in Figure 4 . The "vector rotator" blocks in this diagram rotates the input space vectors by an angle of 30 0 to account for the phase difference between the line to neutral quantities of the ∆-Y connected windings of the three winding transformer. Since the inverter cannot supply any zero sequence current component, no controller for this component of the load voltage is proposed. However, the zero sequence load voltage produced due to the zero sequence load current can be computed as follows. 
In an well designed system, normally 
It is observed from Equations (19)- (21) 
Results and discussions
The speed sensorless VSCF generator along with the three winding transformer is simulated using a real time digital simulator from Opal-RT. The specifications of the induction machine, electrical parameters and converter ratings are given in Table 1 . The specification of the three-winding transformer is also given in Table 1 . The simulation of the system is done at a step size of 20 µsec. Wanda 4U-based Opal-RT simulator is used for real time simulation. The steady state waveforms are seen on a Digital Storage Oscilloscope using the OP5242 Analog Out module. 
Transformer parameters: l f : 1.23 mH, r f : 0.15 Ω, 
